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ABSTRACT 
 Au nanoclusters grown on SiO2 by physical vapor deposition are exposed to Br2 and then 
measured with 1.5 keV Na+ low energy ion scattering. It is found that the clusters are able to 
dissociate the molecules which then adsorb as individual Br atoms, but Br2 does not stick to the 
bare substrate nor to bulk Au. Adsorption is the first step in any surface chemical reaction, and this 
result shows how nanoclusters can induce adsorption of species that otherwise do not stick. Results 
from the literature indicate that catalysis involving nanoclusters occurs at the edges and that the 
edge atoms are positively charged. This information in conjunction with the ion scattering results 
lead to the conclusion that the Br adatoms are negatively charged and ionically bonded at the edges 
of the clusters. Br2 is also a known catalytic poison and this work shows how its adsorption blocks 
sites that would otherwise be involved in nanocatalysis.  
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1. INTRODUCTION 
The adsorption of a molecule onto a solid surface is a fundamental, and usually the first, 
step in many chemical and physical processes, particularly in applications such as catalysis,2 
etching,3-4 and chemical vapor deposition.5 Here, the dissociative adsorption of Br2 is shown to 
occur strongly in the presence of small Au nanoclusters supported on a silicon dioxide (SiO2) 
substrate, but not with bulk Au metal nor on the bare substrate. Small metal nanoclusters supported 
on oxides are extremely effective nanocatalysts, with rates that rival those of enzymes in biological 
systems.6 This result thus provides a glimpse into how metal nanoclusters promote the adsorption 
of precursor species at the beginning of the chemical reaction process. In addition, Br2 is known 
to poison catalysis employing nanoclusters,7 so that an understanding of its adsorption also reveals 
information about the inner workings of the nanocatalytic mechanism.  
The surfaces are investigated primarily with alkali low energy ion scattering (LEIS) in two 
different modes. First, LEIS spectra are used to reveal the distribution of elements at the surface.8 
Second, a novel application of LEIS in which the neutralization of scattered alkali ions is measured 
provides information on the surface electronic properties of the nanoclusters. The neutralization is 
sensitive to the surface local electrostatic potential (LEP) a few Å’s above the target atom;9-10 this 
technique has been applied to scattering from clean metals,11-13 adsorbates on metals and 
semiconductors,9, 14-15 and metal nanoclusters.16-21  
For nanoclusters deposited on oxide substrates, the neutralization probability of scattered 
alkali ions is particularly sensitive to the size of the clusters in that it is high for the smallest clusters 
and decreases as the clusters grow larger.16-19 In recent work, we showed that the high 
neutralization is due to the fact that the low coordinated edge atoms of the nanoclusters are 
positively charged, while the center atoms are nearly neutral.22 The positive charge creates upward 
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pointing dipoles that decrease the local electrostatic potential (LEP) above the edge atoms causing 
a higher neutralization probability for alkali ions scattered from those atoms. In contrast, the ions 
that scatter from center atoms have a low neutralization probability due to the high work function 
of neutral Au. Since the ratio of the number of edge atoms to center atoms decreases with cluster 
size, the overall neutralization probability decreases with cluster size. This idea was confirmed by 
a simple calculation of the neutral fraction as a function of cluster size that quantitatively matches 
experimental data. Since it has been shown by others that the edge atoms are the active sites for 
chemisorption during catalytic reactions involving nanoclusters,23 this result suggests that there is 
a relationship between the charge state of the edge atoms and their ability to promote nanocatalysis.  
The adsorption of Br2 molecules onto a solid is a dissociative process that involves the 
scission of the Br-Br bond and thus requires a reactive surface.24 The fact that dissociative 
adsorption readily occurs on small Au nanoclusters, while it does not occur on the bare substrate 
nor readily on the bulk metal surface, indicates that the nanoclusters are directly involved in the 
Br-Br bond cleavage, and this chemical reactivity is thus related to the catalytic behavior of small 
Au nanoclusters. A reduction in the neutralization of scattered Na+ with Br2 exposure shows that 
the average LEP above the Au edge atoms decreases in the presence of adsorbed Br.  This leads to 
the conclusion that Br2 dissociatively chemisorbs by forming ionic bonds to the positively charged 
edge atoms. Bonding to the edge atoms produces downward pointing dipoles that oppose those 
formed by the positively charged edge atoms and reduces the neutralization of ions scattered from 
those sites. The fact that Br forms such bonds suggests that the charge state of the atoms in a 
nanocatalyst plays an important role in the adsorption step of surface chemical reactions involving 
nanoclusters.   
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2. EXPERIMENTAL PROCEDURE 
The experiments are conducted in an ultra-high vacuum (UHV) chamber that has a base 
pressure less than 1x10-9 Torr. The Si(111) substrate is mounted on the foot of an XYZ rotary 
manipulator, and is electrically isolated so that current can be run directly through the wafer for 
resistive heating. There is a load-lock chamber and sample transfer system attached to the chamber 
so that new samples can be quickly introduced for each measurement without breaking vacuum in 
the main sample preparation and analysis chamber. The main chamber includes equipment for 
performing time-of-flight (TOF) LEIS, low energy electron diffraction (LEED) and x-ray 
photoelectron spectroscopy (XPS).  
The substrate is a 5x5x1 mm3 single crystal Si(111) wafer (n-type, 5-10 W cm) onto which 
a SiO2 film is grown in situ. After insertion into the UHV chamber, the Si samples are initially 
degassed by running 0.5 A through them (roughly 250°C) for a minimum of 30 min to remove 
adsorbed water and hydrocarbons. The native oxide layer and any more strongly bound 
contaminants are then removed by “flashing” the sample with 9 A. This value is chosen by 
systematically increasing the current and monitoring the O 1s peak with XPS after flashing until 
there is no longer any oxygen signal present. The surfaces cleaned in this manner show no 
contamination with XPS and display clear 7x7 LEED patterns.25 The oxide layer is then grown by 
heating the sample to approximately 700°C under 2x10-5 Torr of flowing O2 for 30 min, which 
produces a uniform thermal oxide layer.26 Note that the samples are cooled with the O2 still present 
to avoid the formation of pinholes in the films.27 XPS is used to confirm the growth of a SiO2 layer 
and provide its thickness.  
Au is deposited onto the sample via evaporation from a heated tungsten filament (Mathis) 
with Au wire (99.99%) wrapped around it. The Au coverage is calculated by calibrating the 
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deposition rate using a quartz crystal microbalance (QCM) with the assumption that 1 monolayer 
(ML) of Au corresponds to a single atomic layer of Au(111) with a density of 19.3 g/cm3, which 
has a height of 2.6 Å.28 The reported amounts of deposited Au correspond to what the thickness of 
a Au film would be if it grew in a layer-by-layer mode. Since it actually forms nanoclusters, 
however, the coverage values are useful as a guide to the amount of Au that is deposited, but are 
not directly related to the thickness of the clusters.  
Br2 molecules are produced from a solid-state electrochemical cell based on a AgBr pellet 
affixed to Ag foil.29-30 The exposures are given in units of µA-min, which refers to the integrated 
current run through the cell. It had been previously reported that a 10 µA-min exposure 
corresponds approximately to 1 molecule impacting each surface atom,31 but that estimate is 
dependent on the specific cell parameters and geometry. No detailed calibration of the exposure 
was possible in the present setup as the sticking coefficient of Br2 is unknown.  
XPS measurements are made using a Riber Mg Kα (1253 eV) x-ray source that has a natural 
line width of 1.10 eV. A Riber cylindrical mirror analyzer (CMA) with adjustable resolution is 
used to measure the energy distribution of the emitted photoelectrons. The XPS spectra presented 
here are collected with an energy resolution of 3.0 eV, although a resolution that matches the x-
ray source linewidth is employed to collect detailed spectra that are used to measure the film 
thickness.  
TOF-LEIS is performed with the sample held at room temperature using 1.5 keV 23Na+ 
alkali ions, similar to previous descriptions.9, 19 The Na+ ions are generated from a thermionic 
emission source (Kimball Physics) and incident at 30° degrees to the surface normal. The beam is 
pulsed at 80 kHz by deflecting it across a 1 mm diameter aperture mounted in front of the gun. 
The particles emitted along the surface normal, which are scattered at a 150° angle, are collected 
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by a triple microchannel plate (MCP) array located at the end of the 0.43 m long flight leg. 
Deflection plates mounted in the leg are used to distinguish between scattered neutral and charged 
particles. With both plates grounded, all of the particles pass through to the detector, but only the 
neutral particles pass when 400 V is placed across the plates. “Total” and “neutral” yield TOF 
spectra are collected by switching the deflection plate voltage on and off every 60 s during the 
approximately 15 min it takes to collect a spectrum, which avoids any effects of long-term drift in 
the ion beam current. The entrance to the MCP is held at ground potential to ensure equal 
sensitivity to charged and neutral particles, but there is a decrease in absolute sensitivity as the 
kinetic energy of the scattered projectiles falls below about 1 keV.32  
 
3. RESULTS 
Figure 1 shows XPS spectra used to confirm the sample cleanliness and monitor the 
presence of Au and Br. Spectrum (a) was collected after exposing clean Si(111) to 60 µA min of 
Br2, and a clear Br 3d peak is visible. This is expected since Br readily adsorbs on clean Si.24, 33 
Spectrum (b) was collected from an SiO2 film grown on Si(111), which confirms the cleanliness 
of the sample and enables a measurement of the film thickness. The thickness is determined from 
the ratio of the SiO2 to the bulk Si 2p component in a high-resolution Si 2p spectrum (not shown) 
to be approximately 0.7 nm using 2.5 nm for the photoelectron escape depth.26 Spectrum (c) was 
collected after 0.30 ML of Au was deposited onto the SiO2, which is a coverage that forms Au 
nanoclusters,34 and it shows no features other than those indicative of Si, O and Au. The final 
spectrum (d) was collected after exposure of the Au nanocluster covered-surface to 40 µA min of 
Br2. Note that there is a small feature near the position of the Br 3d peak, but it is also present in 
the spectrum collected before Br2 exposure and is likely a satellite feature associated with the Au 
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4f level as is common in XPS due to a small amount of higher energy x-rays emitted by the Mg 
Kα source. Note that any Br 3d signal would be negligible because there is only a submonolayer 
coverage of Br and XPS is not sensitive enough to reveal such a small amount.  
 
 
Figure 1. Typical XPS spectra collected from (a) Si(111) exposed to 40 µA min of Br2, (b) 
thermally prepared SiO2 on Si(111), (c) 0.30 ML Au deposited onto SiO2, and (d) that surface 
exposed to 60 µA min of Br2. The primary core levels associated with Si, O, Au and Br are 
indicated in the figure.  
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LEIS is an extremely surface sensitive technique,12 even more so than XPS. This is largely 
due to shadowing and blocking,35-36 which effectively only allow backscattered projectiles to be 
singly scattered from the first few layers, although multiply scattered projectiles can probe deeper 
into the material. The role of shadowing and blocking for a particular surface depends on the 
geometry of the setup and the crystal structure, so that the depth sensitivity is system dependent. 
It was previously shown that for Na+ scattered from Au nanoclusters on an oxide substrate, single 
scattering probes only the outermost Au atoms in each cluster.22  
Figure 2 shows representative TOF-LEIS spectra of the total scattered yield of Na 
projectiles collected from three different samples. The x-axis was converted from time to energy 
using the known length of the flight tube. The spectra show single scattering peaks (SSPs), which 
provide a measure of the surface composition. Single scattering occurs when a projectile undergoes 
a hard binary collision with a surface target atom and scatters directly into the detector, and is the 
primary means for determining surface composition via LEIS.12, 37 The energy of the scattered 
projectile can be calculated classically considering only conservation of energy and momentum in 
an elastic collision with an unbound target atom, which predicts that Na will scatter from the 
heavier Au atoms with a higher energy than when scattered from Br. Note that there is also some 
energy lost to inelastic processes, but the amount is small compared to the elastic energy loss.38  
The bottom spectrum in Fig. 2 was collected following exposure of clean SiO2 to Br2. The 
absence of Si and O SSPs is expected because their masses are too small to produce singly scattered 
Na at a 150° angle with a large enough energy to be detected. Na scattered from Br does have 
enough energy to be detected, however, so that the absence of a Br SSP in the spectrum indicates 
that Br2 does not stick to SiO2. XPS spectra collected from this sample (not shown) also had no 
discernable Br signal. The inertness of SiO2 to Br2 adsorption is presumably because the 
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amorphous oxide surface does not have reactive sites that can break the halogen-halogen molecular 
bond.  
 
The middle spectrum in Fig. 2 was collected from Si(111)-7x7 exposed to 60 µA min of 
Br2. The SSP for Br is clearly seen at 496 eV, indicating that Br2 readily adsorbs on clean Si(111), 
consistent with the XPS results above and reports in the literature.24, 33, 39 The dangling bonds on 
 
Figure 2. Typical TOF LEIS spectra collected using 1.5 keV Na+ projectiles. The Au and Br 
SSPs are indicated when present. The three spectra were collected after a 30 µA min Br2 
exposure of a SiO2 film, clean Si(111)-7x7, and nanoclusters produced by deposition of 0.53 
ML of Au on SiO2.  
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the Si(111)-7x7 surface provide the reactive sites that break the Br-Br bonds and lead to 
dissociative chemisorption.  
The upper spectrum in Fig. 2 was collected from Au nanoclusters on SiO2 following Br2 
exposure. The sample was prepared by deposition of 0.19 ML of Au onto SiO2, which is a coverage 
that produces active nanoclusters, and then exposing it to 40 µA min of Br2. The strongest peak in 
the spectrum is at 968 eV, which is the Au SSP. Although the Br SSP signal is much smaller than 
for bromine-exposed Si, it is clearly visible. Note that the MCP sensitivity and differential cross 
section must be considered when comparing the relative sizes of different SSPs to determine the 
absolute amount of adsorbed Br, as quantified below.  
In addition, a polycrystalline Au foil was cleaned by Ar+ ion sputtering and then exposed 
to Br2. This foil shows no evidence of Br with XPS and a very small Br SSP in LEIS (not shown) 
that indicates the adsorption of approximately 1 Br adatom per 200 Au surface atoms (the method 
used for this calculation is described below). This implies that polycrystalline Au is essentially 
inert to reaction with Br2. Although there are reports of Br2 adsorption onto clean Au(100) in 
vacuum, which has an unusual 5x20 surface unit cell,40-41 there are, to our knowledge, no reports 
of Br2 adsorption on other single crystal faces of Au nor on polycrystalline Au. There are, however, 
reports of Cl2 and I2 chemisorption on Au(111).42-43  
The intensities of the SSPs in the total yield spectra are used to determine the surface 
coverages of Br and Au. Each SSP is integrated following subtraction of the multiple scattering 
background, as described elsewhere.9 The uncertainty in each SSP area is assumed to be purely 
statistical so that the error bars are set to the square root of all the counts, including the background. 
When comparing the Br and Au SSPs, corrections also need to be made to account for their relative 
sensitivities. First, the MCP sensitivity depends on the kinetic energy of the scattered projectile, 
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which depends, in turn, on the mass of the target atom. The values of the MCP efficiency at the 
relevant kinetic energies are 0.30±0.01 and 0.50±0.01 for the Br and Au SSPs, respectively.32 
Second, Na scattered from Br and Au have different scattering cross sections, which are 
determined using Thomas-Fermi theory.44 Such a calculation shows that the differential cross 
section for 1.5 keV Na scattered at 150° from Au is 2.15 times larger than for scattering from Br. 
Thus, when reporting the ratio of Br to Au, the raw ratios of the integrated SSP areas are multiplied 
by 3.58 to compensate for the differences in the MCP sensitivities and differential cross sections.  
It is well established that Au atoms deposited onto SiO2 follow a Volmer-Weber growth 
mode and form nanoclusters rather than a dispersed film.19, 34 The growth of nanoclusters by direct 
deposition on an oxide surface produces a narrow range of cluster sizes, and the average size 
increases as more Au is deposited.1, 34 The amount of Au deposited is converted to the average 
diameter of the nanoclusters using STM data from the literature for Au deposited on TiO2.1  
Figure 3 plots the ratio of Br to Au atoms at the outermost surface of the nanoclusters as a 
function of the diameter of the clusters following exposures to 30 and 40 µA min of Br2. The ratio 
is generated by dividing the integrated Br and Au SSP’s from the same TOF total yield spectrum 
and correcting for the MCP sensitivities and scattering cross sections. The error bars are calculated 
by propagating the statistical error determined for the area of each individual SSP.  
The inset in Fig. 3 shows the ratio of surface Br to Au as a function of Br2 exposure for a 
fixed Au coverage of 0.30 ML, which corresponds to a 3.0 nm average cluster diameter. The data 
initially increases linearly showing that the sticking coefficient is constant until Br occupies all of 
the adsorption sites. At this point, no more Br2 sticks and the surface coverage saturates. For 0.30 
ML of Au, this occurs at a Br2 exposure around 50 µA min. Although the exposure needed to reach 
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saturation is likely to depend on the nanocluster size, a 50 uA min exposure is assumed to be 
sufficient to attain saturation for the range of cluster sizes studied here.  
 
4. DISCUSSION 
With the use of the data in Fig. 3, estimates of the number of Br atoms per nanocluster and 
per edge atom are made and provided in Table 1. The accuracy of these calculations is limited by 
a few factors. For example, there may be a systematic error due to differences in the cluster 
formation process on the SiO2 substrate used in the present experiment as opposed to the TiO2 
 
Figure 3. The ratio of the number of outermost Br to Au atoms, determined from the ratio of 
the total yield Br and Au SSPs for scattered 1.5 keV Na+ after normalization by the sensitivity 
of the MCP and the scattering cross sections, shown as a function of the average Au nanocluster 
diameter on SiO2. Inset: The ratio of Br to Au shown as a function of Br2 exposure following 
deposition of 0.30 ML of Au on SiO2, which forms 3.0 nm diameter clusters.  
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substrate used to collect the STM images of Lai et al.,1 from which the cluster sizes are calculated 
here. Although the two substrates are different, it was shown that the average cluster size formed 
on SiO2 and TiO2 are very similar for 0.20 ML of deposited Au,45 however, so that any systematic 
error is likely to be small. In addition, the accuracy of the QCM calibration of the deposition rate 
can lead to another small systematic error.  
 
Table 1 shows that the number of Br adatoms is much smaller than the number of Au atoms 
at the surfaces of the nanoclusters. This implies that Br does not completely cover the nanoclusters 
in the same way that it covers a Si(111) surface exposed to Br2.24 One explanation for the very 
small amount of Br adsorption is that the atoms only attach at the edges of the clusters, consistent 
with the current consensus that adsorption in nanocatalytic reactions occurs at the edges.46-50  
Table 1. The Au surface coverages, Br2 exposures, cluster sizes, number of outermost Au and 
edge atoms per cluster and coverages of Br determined from the LEIS data. The cluster sizes 
and number of edge atoms are determined from the amount of Au deposited using STM images 
from the literature as a calibration (see text).1 The average numbers of outermost Au atoms per 
cluster are calculated from the sizes of the Au SSPs. The ratios of Br to Au, as shown in Fig. 3, 
are used to determine the average numbers of Br atoms per cluster and the Br surface coverages.  
Au deposited (ML) 0.19 0.30 0.53 0.79 1.10 
Br exposure (µA-
min) 40 40 40 40 60 
Average 
nanocluster 
diameter (nm) 
2.6±0.2 3.0±0.2 3.1±0.2 3.6±0.2 3.7±0.2 
Average outermost 
Au atoms per 
cluster 
58.9±9.5 75.1±14.2 81.0±14.0 113±13.0 119±13.0 
Average Br atoms 
per cluster 9.2±1.6 10.4±1.4 7.3±0.7 7.3±1.0 3.4±0.6 
Average edge Au 
atoms 27.2±2.1 33.5±2.1 34.6±2.1 39.8±2.1 42.0±2.1 
Average Au edge 
atom per Br atom 3.0±0.9 3.2±0.9 4.7±0.8 5.5±0.9 12±0.9 
Au surface coverage 13±2% 20±2% 24±3% 40±4% 43±4% 
Br surface coverage 2.0±0.2% 2.8±0.2% 2.4±0.3% 2.6±0.4% 1.2±0.1% 
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To determine the neutralization probability, i.e. the neutral fraction (NF), of Na+ singly 
scattered from Au, the integrated SSP of the neutral yield spectrum is divided by that of the total 
yield spectrum. The neutralization probability depends on the LEP at a particular distance that the 
projectile is above the target atom along the exit trajectory, the ionization level of the projectile, 
and the kinetic energy and exit angle of the scattered particle.11, 14 When an alkali projectile 
approaches a surface, its ionization level shifts up as it sees its image charge in the surface. At the 
same time, the sharp s projectile ionization level begins to hybridize with orbitals in the surface 
causing it to broaden.13, 51 The overlap between the broadened s level and the filled states in the 
surface allow electrons to tunnel back and forth once the projectile is close enough to the surface. 
Because the velocity of the projectile is large compared to the electron-tunneling rate, the 
interaction occurs non-adiabatically and the charge distribution of the scattered projectiles is 
determined along the exit trajectory at a “freezing point” that is typically a few Å above the 
surface.10, 52 This distribution is measured as the NF of the scattered alkali projectiles, which 
increases as the LEP decreases, and vice versa.  
When scattering from a homogeneous surface, such as a clean metal, the LEP is the same 
everywhere so that alkali projectiles scattered from any surface site will have the same NF, and it 
can be calculated using the global surface work function.53 If the surface LEP is inhomogeneous, 
however, then the NF for a particular scattering event depends on the LEP above the target atom, 
which is sometimes referred to as the local work function. This point is clearly illustrated in TOF-
LEIS measurements from metal surfaces with alkali adsorbates.9 When an alkali atom adsorbs onto 
a metal, it donates its valence electron to the substrate and creates a local upward pointing dipole 
at the adatom causing the LEP above that site to decrease from that of the surrounding surface. 
When using alkali LEIS, it is possible to explicitly differentiate the NF of the adsorbate and 
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substrate by their scattered energies.9, 54 It was found that alkali ions scattered from alkali adatoms 
have a larger NF than for scattering from the substrate when the coverage is small, consistent with 
the decrease in LEP associated with the positively charged adatoms.  
A recent report from our group22 agrees with work from the literature in that the clusters 
contain positively charged Au atoms,55-59 although others have concluded that the clusters are 
overall negatively charged.60-63 It was calculated from density functional theory (DFT) that the 
edge atoms of a nanocluster are the ones that are positively charged59, 64 and upward pointing 
dipoles are thus created at those sites. These upward pointing dipoles create a lower LEP, as with 
alkali adatoms, which raises the NF of the projectiles scattered from the edge atoms. In contrast, 
the center atoms are nearly neutral so that alkali ions scattered from them have the low NF 
associated with scattering from a bulk Au metal surface. The average NF obtained from a LEIS 
spectrum is thus larger in scattering from nanoclusters than for scattering from bulk Au due to the 
reduced LEP above the edge atoms. Because the ratio of edge to center atoms decreases with 
cluster size, the NF decreases with size. The observation of a reduction in the NF of scattered alkali 
ions with cluster size thus provides an indication that it is the edge atoms that are positively 
charged.  
Figure 4 shows the NF as a function of Br2 exposure for different Au nanocluster sizes. As 
expected, in the absence of Br2 exposure the NF is highest for the smallest clusters, and it reduces 
as the cluster size increases with further Au deposition.17, 19 For all of the Au cluster sizes, the NFs 
in Fig. 4 decrease significantly with Br2 exposure, indicating that Br adsorbs even on the smallest 
nanoclusters. In addition, the NF does not change beyond the limits set by the error bars after a Br2 
exposure of 40 µA min or more, indicating that such an exposure produces an amount of adsorbed 
Br that is close to saturation coverage.  
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The data in Table 1 show that the total number of adsorbed Br atoms per cluster is relatively 
constant for clusters with average diameters in the range of 2.6 to 3.6 nm. Lemire et al. found that 
for 2 nm diameter Au nanoclusters on FeO(111), 5 CO molecules adsorb per nanocluster and do 
 
Figure 4. The neutral fractions of 1.5 keV Na+ projectiles singly scattered from Au atoms in 
nanoclusters on SiO2 with the indicated average diameters, shown as a function of Br2 exposure.  
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so at the low coordinated Au edge atom sites.50 As calculated in Table 1, between 7 and 10 Br 
atoms adsorb per nanocluster for 0.19 to 0.79 ML of deposited Au. Since the number of CO 
molecules is comparable to that of Br atoms per nanocluster, it is surmised that the Br atoms 
occupy the same edge sites as adsorbed CO. A drop off in the dipole strength of the nanocluster 
edge atoms occurs with 1.10 ML of Au due to inter-nanocluster effects that occur when the clusters 
are close to each other, as discussed previously,22 thereby reducing their ability to dissociate Br2 
and thus decreasing the amount of Br that adsorbs per cluster.  
It has been shown that the nanoclusters’ catalytic activity is a function of cluster size with 
a maximum at a particular diameter.47, 49 For example, Choudhary et al. found that Au nanoclusters 
on TiO2 with an average diameter of 3.2 nm on TiO2 produce the highest turnover frequency for 
the CO oxidation reaction.65 Many ideas have been proposed to explain the catalytic activity of 
metal nanoclusters, but there is not a complete consensus among researchers that would 
accompany a full understanding of the underlying mechanisms.66-68 For example, the charge state 
of the supported nanoclusters and the involvement of that charge in surface reactions are still under 
debate.47, 49  
The first step in a catalytic reaction is the adsorption of a precursor molecule onto a surface, 
such as CO adsorbing onto Au nanoclusters in the oxidation reaction, which has been extensively 
studied.50, 65, 69-70 Since it is likely that Br adatoms occupy the same sites when adsorbed on a 
nanocluster, it can be concluded that halogens poison nanocatalysts by blocking the active sites. 
Furthermore, it can be inferred that the mechanisms responsible for the adsorption of the precursors 
and the poisons are similar and thus have comparable saturation coverages.71 
Poisoning can occur by a physical blockage preventing adsorption of the precursor 
molecule which can entail electronic modification of the nearest neighbor atoms by that adsorbate, 
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restructuring of the adsorbent surface, or hindering of surface diffusion of the adsorbed reactants.72 
Zhu et al. tested the reactivity of Pt nanoclusters on TiO2 by oxidizing formaldehyde both before 
and after exposure to halogens.7 From the testing of formaldehyde oxidation using Pt nanoclusters 
as catalysts, they found that any of the four halogens causes the performance of the nanocatalyst 
to worsen. In addition Gracia et al. demonstrated the deactivation of Pt nanoclusters used for CO 
oxidation by Cl adsorption.73  
Br and CO have some similarities when adsorbing onto Au nanoclusters, as discussed 
above, making it reasonable to conclude that the Br adsorbs at the edges of the nanoclusters. Once 
Br2 is near enough to the edge of a nanocluster, the positively charged edge atoms can lead to a 
configuration of adsorbed Br atoms that is lower in energy than the Br2 molecule, causing it to 
dissociate. This is analogous to the dissociative chemisorption of halogens on a flat solid surface, 
where charge is donated locally from the bonding atom to the halogen adatom to form a partially 
ionic bond.74 When a Br atom is close to the substrate, it can pick up an electron to form a filled 
shell negative ion with a charge of -1.0 e. Since the average Bader charge of the edge atoms in a 
Au nanocluster on TiO2 is calculated to be about +0.4 e,59 it is possible that the Br ionically bonds 
in a bridge site between two edge atoms as the magnitude of the charge of two Au edge atoms is 
nearly equal to the magnitude of a single Br negative ion.  
If the Br adatoms were to adsorb ionically at the edge sites, the reduction in the NF can be 
explained in terms of the LEP change induced by the adatoms. An additional downward dipole 
would be formed by the negative Br adatom and the positively charged Au edge atom, which 
would increase the LEP above the edge atoms from that of the bare clusters and therefore decrease 
the neutralization probability of Na+ when scattering from those edge atoms. Since the NF for the 
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smaller clusters does not fully decrease to that of Au metal, the saturation Br coverage is not 
sufficient to cover every edge atom, consistent with the data in Table 1.  
If the saturation coverage were determined solely by the availability of positive sites along 
the edge of the nanocluster, it would imply that the saturation coverage should correspond to one 
Br atom per two Au edge atoms. The actual ratios lie between one Br per 3.0 to 5.5 Au edge atoms, 
however. This could be partially due to the fact that the 40 µA min exposures used for some of the 
data in Table 1 are below what is needed to obtain full saturation of Br. Because these exposures 
are so close to saturation, however, it is more likely that there is an intrinsic limit to the coverage 
due to other effects. For example, an increase in energy due to repulsion between neighboring 
negatively charged Br adatoms could lead to a saturation coverage that is less than one Br atom 
per two Au edge atoms.  
 
5. CONCLUSIONS 
It is found that Br2 readily adsorbs to small Au nanoclusters, implying that the Br-Br bond 
breaks because of the catalytic ability of the clusters. It is concluded that the Br adatoms bond 
ionically to the positively charged edge atoms of the nanoclusters. This conclusion is supported by 
the observed reduction in the NF for scattered Na+, which shows that there is a change in the LEP 
above the edge atom sites, as well as the fact that the saturation coverages of Br are similar to those 
of CO provided in the literature.50 The reduction in the LEP is presumably caused by the addition 
of downward pointing dipoles resulting from the adsorbed Br ions that oppose the upward pointing 
dipoles caused by the positively charged Au edge atoms. These edge sites are the same ones at 
which CO adsorbs22, 59, 64, which indicates a dependence of the adsorption on the edge atom charge 
and the nanocluster size.75 The catalytic activity of Au nanoclusters is known from previous studies 
20 
 
to be reduced by halogen adsorption,7, 73 so that the present results suggest that it is caused by site 
blocking. The results of this work further imply that the charge associated with the individual edge 
atoms in the clusters plays a critical role in the adsorption step of nanocatalytic reactions. Finally, 
the present results also suggest that a change in the NF of scattered alkali ions with cluster size 
may be a good indicator of a nanocluster’s possible catalytic activity.  
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